INTRODUCTION
Newcastle disease is one of the most important infectious diseases of poultry due to the potential for devastating losses (Miller & Guus, 2013) . The causative agent of the disease, Newcastle disease virus (NDV), has been classified into lentogenic, mesogenic and velogenic pathotypes based on the pathogenicity for chickens. Birds infected with lentogenic NDV show little or even no clinical signs. Velogenic NDV can produce severe disease, characterized as typical neurological and respiratory signs with high mortality, and poses a considerable threat to the poultry industry worldwide (Pedersen et al., 2004) . Reporting of velogenic Newcastle disease outbreaks is required for the member nations of the World Organization for Animal Health.
gene end (GE) sequences. Two additional V and W proteins are derived from the P gene by RNA editing (Steward et al., 1993) .
Control of Newcastle disease by vaccination is a common strategy in both intensively raised commercial flocks and scavenging village flocks. Newcastle disease vaccine strains, such as LaSota and Hitchner B1, have been used widely in commercial flocks. However, these vaccines are not generally suitable for village flocks (Aini et al., 1990) . The main problem associated with these vaccines is their thermoinstability and subsequent requirement of a cold chain for the delivery of viable vaccines to villages. Refrigeration is essential for the storage and delivery of vaccines to maintain their quality. The cold chain consumes~80 % of the total cost of the vaccination programmes (Das, 2004) . The problem is even worse for the developing and leastdeveloped countries, because of the lack of a reliable and extensive refrigeration infrastructure. Thermostable NDV strains, such as V4 and I 2 , offer a solution to the problem (Spradbrow, 1993/94) . When coated onto the carrier food, the V4-UPM vaccine was found to be stable for a minimum of 3 weeks at 21-27 u C (Echeonwu et al., 2008a) and was still able to spread between chickens by direct contact (Bancroft & Spradbrow, 1978 ). An aliquot of 1.0 ml I 2 strain reconstituted from lyophilizate could vaccinate several thousand chickens after storage at 26-32 uC for 6 days (Tu et al., 1998) . The I 2 vaccine diluted with 1 % gelatine could still produce an antibody response after being stored for 12 weeks at 22 u C (Bensink & Spradbrow, 1999) . Furthermore, these thermostable NDV vaccines can be administered through several immunization routes, such as eye drops, drinking water, sprays and food (Bell et al., 1995; Echeonwu et al., 2008a; Mazija et al., 2010) . Therefore, these thermostable NDV strains are suitable vaccines for village chickens, especially in the developing and least-developed countries.
During the past decade, NDV was confirmed to be a suitable vector to express foreign genes using reverse genetics technology for vaccine and gene therapy purposes. A number of foreign antigens derived from avian viral pathogens, such as the haemagglutinin (HA) gene of avian influenza virus, the VP2 gene of infectious bursal disease virus, the S2 gene of infectious bronchitis virus, the glycoprotein B (gB) and D (gD) of infectious laryngotracheitis virus, and the glycoprotein (G) gene of avian metapneumovirus (DiNapoli et al., 2010; Hu et al., 2011; Huang et al., 2004; Toro et al., 2014; Zhao et al., 2014) , have been expressed by NDV as bivalent vaccines against NDV and the target avian pathogen challenges. However, most of the NDV vaccine vector strains are thermolabile and may not be suitable for use as vaccine vectors for village chickens.
Previously, we developed a new thermostable NDV strain, TS09-C, by serial passage of the V4 strain in BHK-21 cells. The TS09-C strain retained the thermostability and lentogenic pathotype of its parental virus, but grew to a higher titre than the V4 strain in BHK-21 cells (Wen et al., 2013) .
In the present study, we utilized the TS09-C strain as a backbone to develop a thermostable NDV vaccine vector using reverse genetics technology. The GFP gene as a reporter, along with the self-cleaving 2A gene of foot-andmouth disease virus (FMDV) and ubiquitin monomer (2AUbi) (Tscherne et al., 2006) , were inserted immediately upstream of the NP, M or L gene translation start codon in the TS09-C vector. Evaluation of the thermostability, pathogenicity, growth dynamics and GFP expression of these rescued recombinant viruses and their protective efficacy against virulent NDV challenge demonstrated that the TS09-C virus could be used as a thermostable vaccine vector.
RESULTS

Generation of rTS09-C and rTS-GFP/M expressing GFP
A full-length cDNA clone of the thermostable NDV TS09-C strain was constructed and used as a backbone for the generation of recombinant cDNA clones containing the GFP reporter gene. A fusion sequence encoding GFP and 2AUbi was inserted immediately upstream of the M gene translation start codon to generate the recombinant plasmid pTS-GFP/M (Fig. 1a) . The C and N termini of GFP were fused with the 2AUbi and the first 20 aa of the M gene, respectively. The 2AUbi was a 94 aa fragment containing self-cleavage FMDV 2A peptide and ubiquitin coding sequences (Tscherne et al., 2006) . The inserted GFP could be self-cleaved from the NDV M protein by the unique feature of 2AUbi. The total length of the cDNA clone in the pTS-GFP/M plasmid was 16 332 nt and divisible by 6, abiding by the 'rule of six' . The recombinant NDV rTS09-C and rTS-GFP/M were rescued successfully in BHK-21 cells.
To detect recombinant virus replication and GFP expression, infected cells were immunostained with anti-NDV polyclonal antibody and examined by fluorescence microscopy. Fig. 1(b) shows that rTS-GFP/M-infected cells displayed both red and green fluorescence, whereas rTS09-C infected cells displayed only red fluorescence, demonstrating that rTS-GFP/M expressed GFP in the infected cells. To investigate whether GFP was incorporated into rTS-GFP/M particles, the virions of rTS-GFP/M and rTS09-C were purified by sedimentation through sucrose gradients, and examined by electron microscopy and Western blot analysis. Both rTS-GFP/M and rTS09-C virions showed typical NDV morphology, with densely arrayed spikes on their envelopes (Fig. 1c) . The purified virions of rTS09-C and rTS-GFP/M contained the NDV structural proteins, including HN, NP, F1, P and M (Fig. 1d) . GFP was recognized by anti-GFP serum in the purified virions of rTS-GFP/M, but not in those of rTS09-C (Fig. 1e) , suggesting that the GFP might be incorporated into the viral particles.
Optimization of GFP expression in rTS09-C
In order to determine the optimal insertion site of GFP into the NDV vector, three more rTS-GFPs with GFP inserted at different locations in the backbone of NDV strain rTS09-C were generated as illustrated in Fig. 2(a) . The effect of GFP insertion on the growth of the rTS-GFPs was examined by virus titration. Most of the recombinant viruses displayed similar growth dynamics as the parental rTS09-C virus, except for rTS-GFP/L that had a slow growth curve with~2 log 10 lower titre than other recombinant viruses at 72 h post-infection (p.i.) (Fig. 2b) . The result indicated that the effect of GFP insertion on recombinant virus growth was depended on the location of insertion. The levels of GFP expression from the rTSGFPs-infected BHK-21 cells were examined by fluorescence microscopy and Western blot analysis. As shown in Fig. 2(c), all the rTS-GFPs were able to express GFP, but with different levels of fluorescence intensity in the order rTS-GFP/M.rTS-GFP/NP.rTS-GFP/M2.rTS-GFP/L. As the infection progressed, an increase in GFP expression was observed in the infected cells and also detected by Western blot analysis (Fig. 2d) . The insertion of GFP-2AUbi into the M gene of the NDV vector resulted in the highest level of GFP expression in BHK-21 cells.
Biological characterization of rTS09-C expressing GFP
To determine whether the insertion of GFP affected viral thermostability, pathogenicity and replication, the recombinant viruses, rTS-GFP/M and rTS09-C, were examined in vitro and in vivo by performing thermostability, intracerebral and labelled for the presence of NDV (red). GFP was detected by its natural fluorescence. Cell nuclei were counterstained with DAPI. Cells were analysed by confocal laser microscopy. (c-e) rTS09-C or rTS-GFP/M were propagated in eggs and purified by differential centrifugation and sedimentation through sucrose gradients. Viral particles were analysed by using electron microscopy. Bar, 100 nm. (c). Viral proteins were analysed by using SDS-PAGE (d) and were subjected to Western blot analyses with rabbit serum against GFP (e).
pathogenicity index (ICPI), mean death time (MDT) and titration assays. As shown in Fig. 3 (a), the mean times for 2 log 2 decrease in HA activity of rTS09-C, rTS-GFP/M and LaSota were 87, 47 and 1 min, respectively, demonstrating that the HA thermostability of NDV rTS09-C and rTS-GFP/ M strains was much higher than that of the control LaSota strain. The means times for 2 log 10 decrease in infectivity of rTS09-C, rTS-GFP/M and LaSota were 20, 15 and 3 min, respectively (Fig. 3b) . The infectivity inactivation rate of rTS-GFP/M was fivefold slower than that of LaSota at 56 u C. According to the criteria for the thermostability of NDV strains (Lomniczi, 1975) , the NDV strains rTS09-C and rTS-GFP/M belonged to the thermostable viruses (time for 2 log 10 decrease in infectivity .10 min at 56 u C). Both rTS09-C and rTS-GFP/M viruses retained their lentogenic pathotype with MDT values .168 h and the ICPI values being 0. There were no significant differences in growth dynamics between rTS09-C and rTS-GFP/M in either BHK-21 cells or eggs (Table 1 ). These data demonstrated that the NDV rTS09-C vector was thermostable and avirulent, and the insertion of GFP did not apparently change the biological properties of this vector.
Efficient replication of rTS09-C in BHK-21 cells in the absence of trypsin
The fusion protein of most NDV avirulent strains could not be cleaved by cellular proteases in infected cells. An extracellular protease, such as trypsin, was required for the cleavage of the fusion protein to allow multi-cycle virus replication. Therefore, most avirulent NDV strains could not replicate in cells in the absence of trypsin. Here, the trypsin dependence of NDV avirulent strain rTS09-C was evaluated. As shown in Fig. 4 (a), in the absence of trypsin, the virus titres of rTS09-C increased from 10 4.0 TCID 50 ml 21 at the first passage to 10 6.5 TCID 50 ml 21 at the third passage, with no further significant difference in virus titres between the third and fourth passages of rTS09-C. In the presence of trypsin, the virus titres from different passages changed little (~10 6.6 -10 7.0 TCID 50 ml
21
). In the absence of trypsin, the rTS09-C virus replicated slightly slower and reached a peak titre 1 day later than in the presence of trypsin (Fig. 4b) . Similar results were also observed by fluorescence microscopy on the BHK-21 cells infected with NDV rTS-GFP/M in the presence or absence of trypsin ( Fig. 4c) . Nevertheless, these results proved that the NDV avirulent strains rTS09-C and rTS-GFP/M replicated efficiently in BHK-21 cells in the absence of trypsin.
Protective efficacy and immunogenicity of rTS09-C expressing GFP
To evaluate whether the thermostable avirulent virus rTS-GFP/M could protect immunized chickens against virulent NDV challenge, chickens were vaccinated by intranasal (IN)/ intraocular (IO) routes with rTS-GFP/M, V4 or PBS and challenged with the virulent strain CA02. As expected, the chickens in the PBS control group developed conjunctivitis and severe depression from 3 days post-challenge and all birds died at 5 days post-challenge, whereas the birds in the rTS-GFP/M-and V4-vaccinated groups survived the challenge and did not show any clinical signs ( Table 2 ). The immunogenicity of the NDV recombinant viruses determined by the haemagglutination inhibition (HI) test showed that rTS-GFP/M induced a slightly lower NDV-specific HI titre than the V4 strain. The data confirmed that the rTS-GFP/M virus maintained its immunogenicity and conferred complete protection against the virulent NDV challenge.
DISCUSSION
The thermostable avirulent NDV strain V4 was isolated from the proventriculus of a chicken in Australia in 1966 (Simmons, 1967) . Subsequently, several thermostable NDV strains, such as V4-UPM and I 2 , were isolated and characterized (Bensink & Spradbrow, 1999; Ideris et al., 1990) . These NDV isolates have several advantages in that they are thermostable, avirulent, spread between chickens, and easily administered through drinking water, sprays and food. Thus, they have been widely used as vaccines to control Newcastle disease for village flocks (Aini et al., 1990) . Following the establishment of reverse genetics systems for NDV, many thermolabile NDV strains have been developed as vaccine vectors for the generation of bivalent vaccines against avian diseases. However, the potential use of thermostable NDV as a vaccine vector has been seldom reported. In the present study, a reverse genetics system for NDV thermostable avirulent strain TS09-C was developed. The GFP gene was inserted into the genome of the TS09-C strain at various locations as a reporter. Evaluation of the optimal GFP expression, thermostability, pathogenicity and immunogenicity of the rTS09-C-based recombinant viruses demonstrated that the rTS09-C virus could be used as a thermostable vaccine vector.
For most NDV vaccine vectors, the foreign genes were expressed from an additional transcriptional unit in the NDV genome (Engel-Herbert et al., 2003; Nakaya et al., 2001) , which may affect transcription efficiency of the downstream viral genes and virus replication dynamics (Zhao et al., 2015) . In this study, we developed a novel approach for the expression of a foreign gene by inserting the reporter gene (GFP) into the M gene transcriptional unit of the thermostable rTS09-C strain to produce a polyprotein GFP-2AUbi-M. The self-cleavage of the polyprotein GFP-2AUbi-M resulted in generation of the GFP and NDV M proteins. Thus, the expression level of the foreign gene would be the same as the NDV M protein. Our results confirmed that GFP was expressed as a fusion protein with NDV M protein, and then separated from the M protein by self-cleaving of 2AUbi in embryonated eggs and DF1 cells.
Western blot analysis of the purified virions indicated that GFP might be incorporated into the viral particles of rTS-GFP/M. However, we cannot rule out the possibility that a small amount of GFP was co-purified with NDV particles which could not be detected by Coomassie staining, but only by Western blot.
The level of foreign gene expression is an important criterion for evaluating a vaccine vector. Usually, a higher level of foreign protein expression by a vaccine vector Table 2 . Protective efficacy of the recombinant viruses in 1-day-old chickens against the highly pathogenic NDV challenge would induce a stronger immune response against the foreign protein. Therefore, it is necessary to maximize the foreign gene expression from the NDV vaccine vector by identifying the optimal insertion site. For expression of a foreign gene from an independent transcriptional unit, the gene junction region between the P and M genes has been considered to be the optimal site (Carnero et al., 2009; Zhao & Peeters, 2003; Zhao et al., 2015) . However, for expression of a foreign gene from an integrating transcriptional unit, the optimal insertion site has not been studied until now. Our results showed that the GFP expression level was higher when the GFP gene was integrated into the M gene transcriptional unit than when it was integrated into the NP or L gene, and also higher than that expressed from an independent transcriptional unit inserted between the P and M genes. The reason for the higher level of GFP expression by the M fusion protein approach than the traditional extra transcription unit method may be due to the 59 UTR of the M gene in rTS-GFP/M, but not in rTS-GFP/M2. It has been reported that the 59 UTR of the NDV M gene can enhance levels of GFP expression at the junction of the P and M genes without altering replication of NDV (Kim & Samal, 2010) .
Thermostable NDV vaccines have been widely used to control Newcastle disease for village chickens, especially in the developing and least-developed countries. These vaccines could be prepared simply by inoculating chicken embryos, harvesting and diluting allantoic fluid, and storing at 4 u C without freeze-drying (Bensink & Spradbrow, 1999) . A cold chain and refrigeration were not essential for transport and short-period storage of these vaccines in the village (Bensink & Spradbrow, 1999) . Our thermostability assays of rTS09-C and rTS-GFP showed that rescued NDV rTS09-C virus retained the thermostability as its parental V4 strain (Lomniczi, 1975) and the insertion of the GFP gene into the rTS09-C vector apparently did not affect its thermostability. When we diluted the rTS-GFP/M virus with 3 % gelatine, the virus titre decreased ,2 log 10 after being stored at 21 u C for 2 months (unpublished data). These results suggested that this novel thermostable rTS09-C virus could be used as a vector for the development of bivalent thermostable avian vaccines that could be transported and stored for a short period in villages without a cold chain and refrigeration.
The importance of the activation process of NDV F protein in virus pathogenicity has been well characterized. The F proteins of most virulent NDV strains have two pairs of basic amino acids in the F-cleavage site, and can be cleaved by host cell proteases, as exist in a variety of tissues and cells. Consequently, the rapid spread of infectious viral particles throughout the organism results in fatal systematic disease (Garten et al., 1980; Nagai et al., 1976) . However, the F proteins of most avirulent strains possess two single basic amino acids in the F-cleavage site and can be cleaved only by trypsin-like protease found in the respiratory and intestinal tracts. Therefore, avirulent NDV cannot replicate in multiple cycles in cells in the absence of exogenous trypsin, such as LaSota, V4 and Clone-30 strains (Ge et al., 2011; King, 1993; Wu et al., 1999) . However, we found that the avirulent NDV stain rTS09-C, as well as rTS-GFP/M, could replicate efficiently in BHK-21 cells without trypsin. Sequence analysis revealed that the Fcleavage site of the TS09-C strain had an uncommon connecting peptide sequence (
) with a single and paired basic amino acids. The same sequence motif (
) at the cleavage site was also observed in an Ulster 2C mutant, which can replicate in multiple cycles in MDBK cells in the absence of trypsin (Pritzer et al., 1990) . These observations indicated that the first pair of basic amino acids at positions 112 and 113 was not necessary for efficient cleavage by some host cell proteases and this is in agreement with the protease furin, detected in mammalian cells, which required a R-X-R/K-R motif rather than two pairs of basic amino acids (Hosaka et al., 1991) .
In addition to the conservation of its parental virus thermostability, avirulent pathogenicity and growth dynamics, the rTS-GFP/M virus retained the immunogenicity of the V4 strain. Our animal experiment showed that vaccination of specific-pathogen-free (SPF) chickens with rTS-GFP/M conferred complete protection against virulent NDV challenge although a low mean HI antibody titre was induced. This was consistent with the finding that chickens vaccinated orally with the V4 strain induced low levels of NDV HI titre, but still survived NDV challenge (Spradbrow, 1993/94) . In addition to the humoral immune response, both the mucosal and cell-mediated immune responses were also induced in chickens by vaccination with the V4 strain, which would contribute to the protection against NDV challenge (Jayawardane & Spradbrow, 1995a, b) .
In summary, this study involved the development of a novel thermostable NDV vector, rTS09-C, by utilizing a reverse genetics approach. This vector has several advantages, including thermostability, avirulence, immunogenicity, a high level of foreign gene expression and efficient replication in BHK-21 cells without trypsin. Thus, the rTS09-C vaccine vector can be used to develop thermostable bivalent vaccines for the control of Newcastle disease and a targeted avian disease in village chickens, especially in the developing and least-developed countries. Plasmid construction and virus rescue. For the construction of the full-length cDNA clone of the TS09-C strain, genomic RNA was extracted from allantoic fluid of SPF chicken embryos infected with NDV TS09-C virus using TRIzol (Invitrogen). Five overlapping cDNA fragments covering the whole viral genome were amplified by reverse transcription PCR using the genomic RNA as template. Subsequently, the five cDNA fragments were assembled into a modified pBR322 vector under the control of the T7 promoter and followed by a partial HDV ribozyme and T7 terminator, resulting in a full-length cDNA clone, designated pTS09-C. For construction of the supporting plasmids, the NP, P or L genes were amplified by PCR using pTS09-C as a template with gene-specific primers and inserted into pVAX1 vector.
METHODS
The plasmid pTS09-C was utilized as a backbone for the construction of the recombinant cDNA clones with GFP inserted into different regions of the TS09-C genome. The GFP gene was PCR-amplified using the pEGFP-C1 vector as a template. A cDNA cassette encoding the self-cleaving FMDV 2A peptide and ubiquitin monomer in tandem (2AUbi) (Tscherne et al., 2006) was synthesized by Invitrogen. The GFP fused with 2AUbi (GFP-2AUbi) was amplified by PCR using the mixture of overlapping GFP and 2AUbi fragment as templates. To construct pTS-GFP/M, two fragments of pTS09-C, the short fragment (S-TS) and long fragment (L-TS), were amplified by PCR using the primers S-M-F/S-M-R and L-M-F/L-M-R, respectively. The PCR amplification was performed in a final volume of 50 ml containing 30 ng template pTS09-C, 5 ml 106PCR buffer, 0.5 ml dNTPs (25 mM each), 1.0 ml each primer (10 mM) and 1 ml PfuUltra II Fusion HS DNA polymerase (Agilent). The PCR was carried out at 92 uC for 2 min for denaturation; 30 cycles of 92 uC for 10 s, 55 uC for 20 s and 68 uC for 15 min; and final extension at 68 uC for 10 min. The pTS-GFP/M was generated by ligation of the three fragments, GFP-2AUbi, S-TS and L-TS, using an In-Fusion PCR clone kit (Clontech). The same cloning approach was used to construct the recombinant clones, pTS-GFP/NP and pTS-GFP/L, with corresponding primers. To construct pTS-GFP/ M2, the GFP transcription cassette was ligated to the long fragment of pTS09-C (L2-TS) that was amplified by PCR using the primers M2-F/ M2-R, so that the GFP was inserted into the intergenic region between the P and M genes as an additional transcription unit. The sequences of all primers used in this study are available upon request.
Rescue of recombinant NDV rTS09-C and rTS-GFP viruses was performed by co-transfection of MVA-T7-infected BHK-21 cells in a six-well plate with the full-length cDNA clone, and NP, P and L expression plasmids using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instruction. The cells were washed with PBS and cultured in DMEM with 2 % FBS, antibiotics and 0.2 mg TPCKtrypsin ml 21 (Sigma-Aldrich) at 6 h post-transfection. The cell lysates were collected by freeze/thawing for three times at 72 h posttransfection and inoculated into 10-day-old SPF chicken embryos. After 96 h of inoculation, the allantoic fluids were collected and the viruses were identified by HA assay using 0.5 % chicken red blood cells.
Virus titration and growth kinetics. The virus stocks were titrated by using the standard HA assay in 96-well micro-plates, the 50 % egg infectious dose (EID 50 ) assay in 10-day-old SPF chicken embryos and the TCID 50 assay on BHK-21 cells in the presence of 0.2 mg TPCKtrypsin ml 21 (Sigma) (Alexander, 1998) . The EID 50 and TCID 50 values were calculated using the Reed-Muench method (Reed & Muench, 1938) . To examine virus growth dynamics, BHK-21 cells grown to 90 % confluence were infected with 0.1 m.o.i. of virus for 1.5 h. The cells were then washed twice and the medium was added to cells. The media from infected cells were collected at 24, 48, 72 and 96 h p.i., and the TCID 50 of virus in collected media was determined in BHK-21 cells.
Virus pathogenicity assays. The pathogenicity of NDV for chickens was tested by performing the ICPI assay in 1-day-old SPF chickens and the MDT assay in 10-day-old SPF chicken embryos (Alexander, 1998) .
Thermostability test. Aliquots of undiluted allantoic fluid infected with NDV at 1.0 ml per vial were sealed in air-tight vials, submerged into a water bath and incubated at 56 uC for different time periods. After heat treatment, the vials were transferred to an ice-cold water bath to stop heat treatment. The HA activity and infectivity of virus in the vials was titrated by the standard HA assay and TCID 50 assay, respectively, in BHK-21 cells. The decreased HA activity and infectivity of viruses was shown on a logarithmic scale as a function of heat treatment time. Regression lines were plotted from four time points. The thermostability of NDV was shown as the mean time required for 2 log 2 and 2 log 10 decrease in HA activity and infectivity, respectively.
Indirect immunofluorescence assay. BHK-21 cells grown in a 24-well plates were infected with 0.1 m.o.i. of virus. At 24 h p.i., the cells were fixed with 4 % paraformaldehyde and washed three times with PBS. The fixed cells were blocked in PBS containing 1 % BSA at 4 uC for 1 h and incubated with primary antibody (anti-NDV polyclonal antibody) for 1 h at 37 uC. Subsequently, the cells were washed three times with PBS and incubated with secondary antibody [goat-antichicken IgG antibody conjugated with Alexa (Invitrogen)] for 1 h at 37 uC. The cells were counterstained with DAPI and examined with a confocal laser microscope after further washing with PBS.
SDS-PAGE and Western blot. For analysis of virion-associated proteins, the allantoic fluid of embryonating eggs infected with recombinant NDV was clarified by low-speed centrifugation. Viral particles were purified from clarified allantoic fluid by ultracentrifugation in a 40-60 % (w/w) sucrose gradient (100 000 g for 2 h). The purified viral particles were pelleted by centrifugation at 100 000 g for 2 h and resuspended in PBS. For analysis of GFP expressed by rTSGFPs, BHK-21 cells were infected with recombinant NDV at 0.1 m.o.i. and lysed at different time points. Proteins from the purified viral particles or from the lysates of infected cells were separated by 12 % SDS-PAGE, followed by transfer to nitrocellulose membrane. The membrane was then blocked in PBS containing 5 % skim milk and incubated with anti-GFP mAb (Clontech). The secondary antibody was HRP-conjugated goat anti-mouse IgG antibody (Invitrogen). The membrane-bound antibodies were detected with 3,39-diaminobenzidine.
Immunization and challenge experiments. To evaluate the immunogenicity of the thermostable recombinant virus and protection against lethal NDV challenge, 30 SPF chickens (1 day old) were divided randomly into three groups of 10 chickens. Birds were inoculated with 0.1 ml rTS-GFP/M at 10 7.0 EID 50 ml 21 (group 1), 0.1 ml V4 at 10 7.0 EID 50 ml 21 (group 2) or 0.1 ml PBS (group 3) via the IN/IO routes. At 14 days post-vaccination, the immunized chickens were challenged with 0.1 ml 10 6.0 EID 50 ml 21 of the virulent CA02 virus by the IN/IO routes. Serum samples were collected from the immunized chickens immediately before challenge. Chickens challenged with CA02 were observed daily for 2 weeks and the mortality was calculated.
Serological analysis. To examine the NDV-specific serum antibody response of immunized chickens, HI titres of serum samples were measured by performing the HI assay (Alexander, 1998) . The NDV strain V4 was used as the antigen. The HI titre was presented as the mean±SD log 2 value in each group.
